Multiple genetic aberrations are known to contribute to glioma formation, progression, invasion, and maintenance. Notable examples include epidermal growth factor receptor (EGFR) amplification, LOH 10, TP53 mutations, CDKN2A deletions, 1p loss, and PTEN mutations. 1 Unfortunately, few of these genetic abnormalities have been found to be informative prognostic indicators of survival. Even in the largest population-based study to date, only LOH 10 was associated with shorter survival in patients with glioblastoma (GBM). 2 As a result, there have been renewed efforts to find more clinically relevant glioma markers, especially those that would delineate the glioma cell of origin. Similarities between stem cells and tumor cells have led to the belief that tumors, including those of the brain, evolve from stem cells. [3] [4] [5] Subpopulations of glioma cells have been identified that express progenitor markers such as nestin or stem cell markers such as CD133 and like stem cells, they maintain their ability to self-renew. 4, 6, 7 Furthermore, altered or aberrant signaling is frequently observed in key developmental or differentiation pathways involving EGFR, PTEN, transforming growth factor b and Notch. 5, [8] [9] [10] Therefore, the identification of aberrant components of developmental pathways may reveal new prognostic factors and/or novel therapeutic targets.
Polypyrimidine tract binding protein (PTB) is a multifunctional component of mRNA metabolism that affects alternative splicing, 3 0 -end formation, polyadenylation, mRNA stability, internal ribosome entry site-independent translation, and possibly transcription. 11, 12 During fetal mouse brain development (E11.5-14.5), PTB levels are high in developing astrocytes. However, in the adult mouse brain, PTB is absent in mature astrocytes and occurs at low levels in neural progenitors of the choroid plexus and in the ependymal regions near the ventricles. 13 In a similar manner, the adult human brain has little or no PTB expression in normal astrocytes and oligodendrocytes, with low expression in ependymocytes, the choroid plexus epithelium, microglia, the arachnoid, and the adenohypophysis.
14 Resurgent expression of PTB has been observed in astrocyte-derived gliomas that is analogous to the expression of other tumor-associated developmental markers.
14 PTB is a potential tumor marker, but the developmental and differentiation pathways it targets are unknown. In Drosophila, knockouts of the PTB homolog, hephaestus (heph), are lethal and various heph mutants have defects in spermatogenesis and wing formation. 15, 16 The first evidence that the heph and Notch developmental pathways are linked was in the heph genetic mosaics, in which heph-null clonal regions had increased Notch activity. Mature Notch is a heterodimer membrane receptor that plays a key role in several cellular differentiation pathways. In vertebrate neurogenesis, Notch dictates commitment of neural progenitors into the astrocytic lineage rather than the default neuronal lineage. In the astrocytic lineage, it directs terminal differentiation of precursors into astrocytes, as opposed to oligodendrocytes. [17] [18] [19] Activation of Notch is mediated through the binding of membrane-bound ligands, Delta or Serrate/Jagged, located on neighboring cells. The act of ligand binding initiates dissociation of the receptor domains and triggers two cleavages: the extracellular segment by an ADAM metalloproteinase and the intracellular transmembrane by presenilin-dependent proteases. The final form of intracellular Notch (Notch1IC) translocates to the nucleus to activate expression of genes such as the hairy and enhancer of split 1 (HES1). Mammalian Notch1 has been implicated to act as either an oncogene in tumors such as T-cell leukemia and breast cancer or a tumor suppressor in tumors such as small cell lung and skin cancer. [20] [21] [22] [23] [24] [25] [26] [27] [28] Increased Notch2 expression and signaling was also found in mouse models of medulloblastoma. Abrogating the Notch pathway in these models decreased tumor cell viability. 29 The involvement of Notch in both neural development and cancer led us to investigate whether PTB could inhibit Notch activity in gliomas. We were further encouraged by recent results of depressed Notch1 levels in high-grade gliomas, which we hoped was due to enhanced PTB activity. 9 Therefore, we used a large glioma tissue microarray to determine possible association between PTB and Notch1 in gliomagenesis.
Materials and methods

Tissue Microarray
A tissue microarray was constructed of 266 core biopsy samples, in duplicate of tumors derived from University of Texas-MD Anderson Cancer Center patients and normal brain tissues as controls (see Table 1 ). Tumors were classified by one of us (GNF) into World Health Organization glioma histologic types and grades. Normal brain samples were derived surgical specimens of cerebral cortex and subjacent white matter resected to permit access to deep metastatic tumors. All samples were obtained under an approved Institution Review Board protocol.
Immunohistochemical Analysis
PTB immunohistochemistry was performed using a monoclonal anti-PTB antibody (DH3 clone). 30 Unpurified culture medium derived from DH3 hybridoma cells was used as a source of antibody (a gift from Dr Susan Berget, Baylor College of Medicine). A 4-mm-thick section was deparaffinized in xylene for 5 min and rehydrated in graded ethanols to distilled water. Antigen retrieval was achieved with a rice steamer by placing the section in Dako target retrieval solution (citrate buffer, pH 6.0, Dako, Glostrup, Denmark) for 30 min. The section was then blocked with 3% hydrogen peroxide/methanol for 15 min and incubated overnight at 41C with anti-PTB antibody (1:5 in Dako Antibody Diluent). After washing in phosphate-buffered saline (PBS), the section was incubated with Dako Mouse Envision Polymer and developed in DAB substrate for 4.5 min. Nuclei were counterstained with Mayer's hematoxylin.
Anti-Notch1IC antibody was obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA), and anti-Hes1 was obtained from Chemicon International Inc. (Temecula, CA, USA). After deparaffinization and rehydration, antigen retrieval was performed by incubating sections in Tris-buffered saline with Tween-20, pH 7.6, for 30 min in a rice steamer. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide/methanol for 15 min, followed by overnight incubation at 41C with either anti-Notch1IC (1:100 in Dako Antibody Diluent containing 8% Power Block, BioGenext, Mouse monoclonal anti-GFAP was purchased from BD Biosciences Pharmingen (San Diego, CA, USA). After deparaffinization and rehydration, the section was blocked with 3% hydrogen peroxide/ methanol for 5 min and rinsed three times in PBS. Antigen retrieval was performed in citrate buffer in a rice steamer for 45 min. The slide was placed on a Dako Autostainer (DakoCytomation, Glostrup, Denmark) for addition of anti-GFAP (1:6000) for 30 min. Dako LSAB2 kit components containing biotinylated anti-mouse IgG secondary antibody and enzyme-labelled strepavidin polymer were then added for 30 min each. The cores were washed and then developed in AEC (3-amino-9-ethylcarbazole) substrate for 16 min before removal from the stainer and counterstained with Mayer's hematoxylin.
Immunohistochemical Staining Analysis
The staining analysis was performed using the GenoMx Vision Automated Digital Imaging System (BioGenex, Inc., San Ramon, CA, USA). Each antibody-probed slide was scanned and the software was used to derive quantitative measures of tissue area, positive chromagen staining, and intensity of staining. To detect tissue area, parameters were set to recognize nonwhite regions within a standardized square containing each core. To measure positive chromagen staining, the color hue, saturation, and intensity parameters were set to optimally distinguish brown DAB or red AEC stained cells from the hematoxylin counterstain. For each antibody, these parameters were then stratified into three chromagen staining intensities (low, medium, and high). Therefore, each core sample had its own quantitative data set that defined: the total tissue area, the proportion of positively stained tissue area, and the percentage of low, medium, and high staining intensity within the positively stained area. For Figures 2 and 3 , we used these values to score cores as 'Negative', 'Low Positive', or 'High Positive. ' We considered staining to be positive when the total chromagen-stained area of the core was greater than 10% or on direct observation found highly localized staining to subcellular regions such as the nucleus. A core was scored as 'Low Positive' when greater than 50% of the stained area was low intensity. A core was scored as 'High Positive' when the percentage of low staining was less than 50%, indicating that the majority of the staining was of medium and high intensity. All remaining cores were scored as 'Negative.' For Figure 4 , the sum of the medium and high intensity values were used directly in order to provide a more quantitative comparison of staining. Multivariate w 2 tests were performed using the SPSS program, version 11 for Mac OS X (SPSS, Chicago, IL, USA). The Pearson correlation coefficient was used to determine Pvalues.
Results
PTB and Activated Notch1 Levels were Significantly Higher in Gliomas
To determine levels of PTB expression and Notch1 activity in gliomas, we performed immunohistochemical analyses using a glioma tissue microarray. The staining for each core was quantified using the GenoMx Vision Automated Digital Imaging System and scored as 'Negative,' 'Low Positive,' or 'High Positive', according to the criteria described in Materials and methods. Figure 1 shows representative staining and scoring of normal brain and GBM cores. The normal brain panels are all from white matter; there was no difference between white and gray matter staining. The results of the immunohistochemical analyses for each antibody are provided in Figure 2 . The differences in sample number result from loss of patient cores during processing or removal because of staining artifacts. Where duplicate cores could be analyzed, there was scoring concordance of 85% for PTB and Notch1IC, 99% for Hes1, and 82% for GFAP. Duplicate samples were randomized and combined with the remaining single cores to form the highest informative population for statistical evaluation.
There were no statistically significant differences in GFAP staining associated with tumor grade (P ¼ 0.319). Positive staining for PTB was predominantly nuclear, with some cytoplasmic staining present in all samples (Figure 1 ). In normal brain tissue, PTB levels were scored as Negative. Examination of individual cores at higher magnification revealed occasional low-level staining for PTB in individual astrocytes, as we previously reported. 14 In all tumor grades, most cores scored either Low or High Positive, with a significantly higher proportion of grade IV gliomas scoring High Positive than in grades II and III gliomas (Po0.001). These results show aberrant overexpression of PTB in gliomas compared with normal brain (Po0.001) (Figure 2) .
In Drosophila, the loss of PTB is associated with activation of Notch. 16 Therefore, we expected that the observed increases in PTB expression would be associated with a concomitant reduction in Notch1IC. However, the opposite outcome was observed (Figure 2 ). Only one sample of normal brain had Low Positive staining; the remainder (89%) had no significant staining for Notch1IC. In the grades II and III gliomas, there was a significant increase in positive staining (Po0.001) that was predominantly nuclear. However, a substantial subset of grade IV tumors (43%) was Negative for Notch1IC.
To enhance our ability to monitor Notch1 activity, we included staining for the Notch1 target, Hes1. While a greater proportion of glioma samples stained positive for Hes1 compared with normal brain samples, this trend was not statistically significant (P ¼ 0.246). Furthermore, there was no observable difference in Hes1 expression in grade IV tumors. Therefore, despite the obvious increase in 
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Notch1IC levels, the expected concurrent response of Hes1 expression was not observed.
PTB and Notch1IC Expression in Astrocytic and Oligodendrocytic Tumors
Glial progenitor cells undergo bilateral terminal differentiation into morphologically distinct astrocytes or oligodendrocytes. The cell fate choice can be manipulated by expressing Notch1 in progenitors to drive astrocytic differentiation and inhibit the default oligodendrocyte pathway. [17] [18] [19] We examined PTB and Notch1IC levels in these tumor subtypes (Figure 3) . No significant differences in PTB expression existed between the two, but there was a trend towards higher levels of PTB in oligodendrocytic tumors. For Notch1IC, there was a significantly higher number of positive staining in grade III anaplastic oligodendromas than anaplastic astrocytomas (P ¼ 0.03), suggesting a greater role for Notch1IC in oligodendromas than in astrocytomas.
PTB Levels were Not Associated with Notch1IC
In Drosophila, the absence of PTB increases Notch activity. Therefore, we anticipated that tissue samples with low PTB would have high Notch1IC and that the presence of PTB would inhibit Notch activity. The overall trends shown in Figure 2 suggest were that with progressing glioma grade, PTB expression increased, and in a subset of gliomas, Notch1IC decreased. A definitive inverse association between PTB and Notch1IC expression was not observed, but it was unclear if such a relationship might exist in a subset of gliomas. Therefore, we directly compared PTB and Notch1IC expression for all available paired serial cores, independent of tumor grade (423 core pairs). For this analysis, staining intensity was defined as the sum of the medium and high intensity scores (see Materials and methods). Figure 4a shows a plot of staining intensity for individual paired cores that directly compare PTB and Notch1IC staining. It was immediately obvious that Notch1IC levels were not inversely related to PTB expression levels. A closer examination of expression in 114 grade IV gliomas (Figure 4b) , where the trend might be strongest, confirmed that there was no inverse relationship.
Discussion
The aberrant expression of developmental markers in brain tumors suggests that these tumors revert to or arise from undifferentiated cell types. The precise biological role of high PTB levels in normal brain development and gliomagenesis is yet to be determined. While PTB targets several regulators of cell growth, only Notch has been clearly implicated in both neural development and tumorigenesis. 9, 11, 31 An unexpected link between Notch activity and PTB expression was first observed in Drosophila, which suggested that PTB functions to attenuate Notch signaling. 16 As PTB is expressed in gliomas at levels comparable to those in neonates, this provided an opportunity to determine whether Notch activity is inhibited in these tumors. Therefore, we used a large glioma tissue microarray to survey levels of PTB, activated Notch1 (Notch1IC), and Hes1 (a Notch1 target).
The expectation was that Notch1IC would be reduced or absent in tumors expressing high levels of PTB. Staining for PTB revealed variable low levels of expression in normal astrocytes, a finding consistent with our previous results.
14 There was a significant increase in PTB expression beginning with low-grade tumors (Po0.001), suggesting that upregulation of PTB is an early event during glioma formation. A further enhancement of PTB expression was observed with progressive tumor grade. GBMs had the greatest proportion of samples with high positive staining (Po0.001) compared with other tumor grades. Therefore, GBMs as a group would be predicted to have the lowest frequency of Notch1IC staining. Indeed, a subset of these tumors had a clear absence of Notch1IC expression ( Figure  2 ). However, this group proved to be the exception as there was obvious activation of Notch1 in more than 80% of grade II and III tumors and most grade IV tumors. Furthermore, a direct comparison of PTB and Notch1IC levels in over 400 paired serial cores definitely demonstrated that an inverse relationship did not exist. Intense Notch1IC staining was found independent of PTB levels, and the lack of Notch1IC in grade IV tumors was not concordant with high levels of PTB (Figure 3 ). Therefore, it seems unlikely that PTB functions to regulate Notch1 activity in gliomagenesis. Our results do not rule out the possibility that PTB alters Notch activity in other cell types or that glioma cells have developed a mechanism to escape PTB control during tumor progression. In Drosophila, PTB and Notch are related through the fringe glycosylase pathway. A partial rescue of the fringe (fngD4) wing mutant phenotype is found in heph-fringe double mutants. 16 Because the mammalian genome contains four Notch and four Fringe homologs, one of these genes may be the mammalian target of PTB inhibition and Notch1 may be upregulated as a compensatory response. Whether PTB interacts differentially with any of the mammalian Notch or Fringe homologs remains to be formally examined. Our immunostaining for Hes1 partially addresses this issue because all Notch family members enhance Hes1 expression to varying degrees. [31] [32] [33] Hes1 staining was scored predominantly as Low Positive in normal brain and all glioma grades. A small proportion of gliomas had High Positive Hes1 staining, but this was not statistically significant. A direct comparison of serial sections found no association between Hes1 levels and either Notch1 or PTB levels (data not shown). These findings indirectly rule out PTB-regulated changes in total Notch family member activation and suggest that the role of Notch1IC in gliomagenesis occurs independently of Hes1 targets, perhaps through other targets such as CyclinD1, p21, and NF-kB. 25 Even though we did not find a relationship between Notch1 regulation and PTB expression, the results of other recent studies suggest that Notch1 independently contributes to gliomagenesis. Purow et al 9 found elevated expression of Notch1 and its ligands Delta-like-1 and Jagged-1 in glioma cell lines and human gliomas, and further demonstrated that siRNA knockdown of any of these genes slowed glioma cell growth. Our studies confirm their Notch1 expression findings in a larger patient sample set using an antibody against the active intracellular receptor (Figure 2 ). Activated Notch was observed in astrocytic tumors, with a trend towards slightly higher levels in oligodendrocytederived tumors (Figure 3) . Because the absence of Notch activity promotes oligodendrocyte formation, this finding suggests that these tumors derive from a common progenitor cell type. Our results differ in that we observed a higher percentage of grade IV tumors expressing Notch1: 57% of 63 samples compared with their 15% of 20 samples. 9 In fact, we found that GBMs had the greatest percentage of tumors with High Positive staining (9%). This discrepancy may simply reflect differences in the total number of patient samples or the sensitivity of the antibodies used. We found inconsistent staining for the total Notch1 antibody; therefore, we chose not to include those data in our analysis (data not shown). Because Notch1 has opposing roles depending on cell type or differentiation state, the subset of grade IV tumors without Notch1IC may behave differently than those with elevated Notch1IC. We are currently expanding our studies to determine whether these differences could have prognostic value.
Our survey of glioma and normal brain tissue samples showed that the development-restricted genes PTB and Notch1 are re-activated in gliomas. Through direct comparisons, we determined that the increase in PTB with glioma grade was unrelated to Notch1IC levels. Grade IV tumors had a pronounced increase in PTB compared with lower glioma grades, whereas only a subset of these tumors had increased Notch1IC expression. Although PTB and Notch are related in Drosophila, they appear to act independently of each other in gliomas. Because PTB is expressed in all tumor grades, it appears to be a critical component of gliomagenesis. In addition to Notch, several other targets of PTB action have implicated tumorigenic functions, such as FGFR1, FGFR2, SRC, CLTB, VEGF, APAF1, CASP2, FCGR1A, and FAS. [34] [35] [36] [37] [38] [39] [40] [41] [42] These targets could individually or synergistically provide a growth advantage to glioma cells. This remains to be formally investigated. Unlike PTB, we found a significant loss of Notch1IC expression in a subgroup of grade IV tumors. The presence of Notch may contribute to glioma growth through its ability to renew progenitor cells. If so, aberrant Notch expression may be an indicator of patient outcome and its absence may serve to delineate differences in the aggressiveness of grade IV tumors.
